During a 2-year period in which 65 patients with metabolic alkalosis (pH greater than 7.45) were treated, four patients developed a severe alkalosis refractory to a conventional therapeutic regime outlined below, and i.v. hydrochloric acid was considered.
Initially, 0.9% saline was administered until the central venous pressure (cv.p.) increased by 5-8 cm H 2 O from its original value (zero reference point at mid-axillary line, patient supine). The infusion was discontinued if values greater than 10 cm H 2 O were obtained, a precaution deemed necessary to minimize the risk of acute pulmonary oedema (Russell, 1974) . All patients had an initial cv.p. value less than 8 cm H 2 O. Pulmonary venous wedge pressure measurements were not recorded and although they might have facilitated the early detection of pulmonary oedema, observation of cv.p. following saline infusion, and clinical signs of left heart failure were considered to be a simpler yet acceptable alternative (Baek et al., 1975) . Potassium chloride (in amounts ranging from 100 to 200 mmol/day) was infused until the serum concentration of potassium increased to 4.5 mmol/litre. Fluid loss by nasogastric aspiration was replaced with 0.45% saline with potassium 27 mmol/litre. If these methods did not correct the alkalosis within 72 h, the state was deemed to be refractory.
The four patients with refractory alkalosis had varying degrees of renal and hepatic failure so that infusions of ammonium chloride, lysine or arginine hydrocnloride or administration of acetazolamide were contraindicated or unlikely to be of therapeutic benefit. Before the infusion of hydrochloric acid was commenced, venous blood was collected for estimations of serum sodium, potassium, chloride (Technicon S.M.A. 6/60 auto-analyser), haptoglobin and haemoglobin. Arterial blood was collected also for pH and blood-gas analysis; serum and blood-gas estimations were repeated both during and immediately after the hydrochloric acid infusion. Biochemical data are presented in table I. The infusion of hydrochloric acid was through a central venous catheter with its tip placed high in the right atrium. A subclavian approach was used and the catheter position confirmed subsequently by chest x-ray. The four patients described were considered to have normal respiratory function from considerations of history, physical examination and chest x-ray. In the three patients with hypercapnia, reference to an in vivo acid-base diagram (Goldberg et al., 1973) indicated that a primary metabolic alkalosis with respiratory compensation existed.
The quantity of hydrochloric acid to be infused was calculated from the chloride deficit, assuming the chloride space to be 20% of total body weight. This calculation was used only as an initial estimate as arterial acid-base studies taken during the infusion, and the use of an in vivo acid-base diagram as a flow chart (Flenley, 1971; Goldberg et al., 1973 ) allowed a more accurate determination of the amount of acid necessary.
The hydrochloric acid was infused over periods of 12-48 h as a 0.12-0.24 mol/litre solution (120-240 mmol H+/litre) consisting of 60-120 ml of hydrochloric acid 2.0 mol/litre added to 5% dextrose 1 litre.
CASE REPORTS
Case 1
A 71-year-old man had a 4-h history of anuria, arterial hypoxaemia (Pa 02 6.0 kPa*) and shock 24 h after laparotomy and partial resection of a gangrenous loop of large bowel. The arterial pressure was 60/40 mm Hg, heart rate 108 beat/min, c.v.p. 18 cm H 2 O, serum creatinine 0.52 mmol/litre and bilirubin 111 jimol/litre. His initial treatment consisted of an infusion of isoprenaline 2 (ig/min, oxygen-enriched air (Fi Ol 0.5) and the administration of gentamicin and lincomycin for suspected sepsis.
Throughout the next 48 h he improved gradually, with the arterial pressure stabilizing at 120/80 mm Hg, heart rate 100 beat/min, c.v.p. 7 cm H 2 O and Pa Oi 18.9 kPa (Fi 02 0.5). However, a persistent ileus developed, producing 1-2 litre/day fluid loss through the nasogastric tube. Four days following admission the creatinine clearance was 23 ml/min, bilirubin 58 (xmol/litre and arterial blood-gas analysis revealed a metabolic alkalosis (pH 7.55, Pa COa 6.0 kPa). This was found to be resistant to the saline and potassium chloride infusion regime (table I); furthermore the patient developed respiratory compensation and hypoxaemia (pH 7.50, Pa C02 7.9 kPa, Pa Os 6.1 kPa (Fi 02 0.28). Correction of the metabolic alkalosis was then considered necessary to restore normal ventilation.
* 1 kPa = 7.5 mm Hg. Hydrochloric acid was administered (table II) and corrected the alkalosis within 24 h. The ileus resolved in the next 2 days and the patient was discharged to a general ward for further convalescence.
Case 2
A 58-year-old man with a past history of chronic duodenal ulcer, analgesic nephropathy and chronic renal failure (creatinine clearance 15 ml/min) was admitted following a 12-h period of intractable vomiting. He had vomited intermittently during the previous 3 months, and this was attributed to pyloric obstruction from scarring and spasm induced by the ulcer.
An infusion of 0.9% saline 5 litre containing potassium chloride 134 mmol, through a central venous catheter during 24 h, corrected the initial state of dehydration and electrolyte imbalance. During the following 3 days, despite replacement of nasogastric fluid losses and further infusions of saline and potassium chloride (table I), the alkalosis became refractory. The patient became confused and disorientated with further worsening of the alkalosis (pH 7.67).
Hydrochloric acid was administered over an 18-h period, correcting the metabolic alkalosis (table III) and restoring partially the confused state. The patient became fully conscious and co-operative within the next 12 h. Corrective surgery for the pyloric obstruction was performed 1 day later, and subsequent arterial blood-gas analyses were within normal limits. The patient was discharged 15 days later.
Case3
A 69-year-old man developed a severe ileus following resection of an abdominal aortic aneurysm. The resulting profuse drainage from the nasogastric tube caused pre-renal oliguria. Within 24 h, 0.9% saline 4 hire and potassium chloride 200 mmol in 1 hire of 5% dextrose in water were administered, through a central venous catheter, the equivalent of the nasogastric drainage being replaced with 0.45% saline in addition. The serum potassium concentration increased from 3.2 mmol/litre to 4.8 mmol/litre and the central venous pressure increased from 2 to 10 cm H 2 O. The remaining serum biochemical variables returned to normal apart from creatinine (0.35 mmol/litre), bilirubin (70 (xmol/litre) and urea nitrogen (22 mmol/litre).
Despite an improvement in the urinary output, the creatinine clearance during the next 4 days remained at 55 ml/min. With the continuing nasogastric fluid loss a severe refractory metabolic alkalosis with partial respiratory compensation developed (table I) . On the 8th day after operation, hydrochloric acid was given i.v. to correct hypoventilation and hypoxaemia (table IV) . The ileus subsided within a further 3 days and the acid-base state returned to normal.
Case A
A 67-year-old man was admitted with a perforated duodenal ulcer and circulatory failure, arterial pressure 70/50 mm Hg, heart rate 145 beat/min, c.v.p. 3 cm H 2 O. Initial resuscitation with 0.9% saline 3 litre and nasogastric suction produced an unexpectedly rapid clinical improvement. This was thought to justify further conservative therapy as an alternative to surgery. However, 3 weeks later a left subphrenic abscess developed and laparotomy was performed for both drainage of the abscess and vagotomy with pyloroplasty.
After operation there developed a severe ileus with excessive nasogastric fluid loss and a metabolic alkalosis resistant to saline and potassium chloride infusions (table I). Hydrochloric acid was then infused in two 12-h periods (table V). The alkalosis improved following the infusions and on the 4th day after operation there was a normal acid-base state.
DISCUSSION
Severe metabolic acidosis has been recognized for many years as a dangerous clinical state and its treatment has become standardized. On the other hand, metabolic alkalosis has been recognized as a clinical problem only recently. Although a "blunted confusional state" may be the only manifestation (Plum and Posner, 1972) , the associated complications of cardiovascular instability (Mitchell, Wildenthal and Johnson, 1972; Lawson, Butler and Ray, 1973) , partial respiratory compensation (Tuller and Medhi, 1971; Heinemann and Goldring, 1974) , and potassium wasting (Schwarz et al., 1968; Filley, 1972) may render a severe alkalotic disturbance a dangerous clinical condition. In the four patients presented, hypoventilation with associated hypoxaemia was the most consistent serious abnormality.
The initial pH values in three of the patients (1, 3 and 4) were not overtly abnormal. Thus the alkalaemia was mild although the alkalosis was severe, producing compensatory hypoventilation and an associated hypoxaemia. In these patients a full appreciation of the degree of alkalosis required the use of an in vivo acid-base diagram (Goldberg et al., 1973) .
Following the definition of the primary alkalotic state, recognition of the components causing it, as distinct from those which maintain it, becomes necessary (table VI) . Correcting the disorder producing H + loss or HCOg" gain, will cure the condition. The normal kidney has a large capacity to excrete HCOjf. Thus maintenance of the alkalotic state, once its source is eliminated, depends upon a functional renal abnormality (Seldin and Rector, 1972) . If an associated depletion in effective extracellular fluid volume exists, proximal tubular reabsorption of sodium is augmented. In the presence of a metabolic alkalosis proximal H + excretion (HCOjf reabsorption) is enhanced also, maintaining the e.c.f. volume at the expense of pH homeostasis (Schwartz et al., 1968; Kurtzman, White and Rogers, 1973) .
Similarly, if the patient is depleted of potassium and a state of hyperaldosteronism exists, with an adequate distal delivery of Na + , distal H + excretion is increased (Seldin and Rector, 1972; Kurtzman, White and Rogers, 1973) . To correct the continuing pH defect, conventional therapy with potassium chloride and sodium chloride, and, occasionally, agents which have an inotropic effect on the heart, are usually all that is required, allowing the excess bicarbonate to be excreted with the infused cations.
The role of potassium in the maintenance of an alkalotic state has been defined further following the demonstration that correction of a hypokalaemic state with non-chloride-containing potassium salts fails to correct the existing alkalosis (Bleich, Tannen and Schwartz, 1966) . Furthermore, correction of alkalosis can be achieved in mild hypokalaemic states with infusions of saline alone (Kassirer and Schwartz, 1966) , although in the presence of severe potassium depletion a saline resistance has been described (Garella, Chazan and Cohen, 1970) . However, correction of an existing hypokalaemia enhances the role of saline in correcting the alkalosis (Kurtzman, White and Rogers, 1970) . Thus depletion of the chloride ion had been thought central in maintaining the alkalosis (Schwarz et al., 1968) .
Recently, however, the correction of the acid-base state with saline-free albumin solutions has suggested that diminished extracellular fluid volume activates the renal mechanism responsible for the persistence of the alkalosis (Kurtzman, White and Rogers, 1973; Warms et al., 1974) . The albumin infusion permitted sodium and potassium bicarbonate to be excreted, thus correcting the acid-base disorder (Warms et al., 1974) .
Although correction of a metabolic alkalosis without potassium or sodium chloride is possible therapeutically it is not desirable if deficiencies in these ions exist.
In the presence of renal failure the standard regimes may be insufficient (table VII) and alternative therapy with ammonium chloride, lysine or arginine hydrochloride, with conversion to urea and hydrochloric acid in the liver is often effective. However, in the presence of liver failure these agents may be of limited therapeutic benefit and may be hazardous, arginine hydrochloride having the independent disadvantages also of producing hyperkalaemia (Hertz and Richardson, 1972) and hyperglycaemia (Felig and Martiss, 1972) . Administration of hydrochloric acid, on the other hand, corrects metabolic alkalosis without using renal or hepatic mechanisms. The previously recorded complications of haemolysis (Whelton, 1975) and tissue necrosis (Shavelle and Parke, 1975) were not observed in the four cases presented. In each of the patients no significant decrease in haemoglobin concentrations occurred and in patients 1,2 and 4 the haptoglobin concentrations, although increased by stress, did not decrease following the acid infusion, indicating the absence of even minor degrees of haemolysis (Dacrou et al., 1972) . This was attributed to the (central venous) route of administration. In the second patient rapid administration of hydrochloric acid produced inappropriate hyperventilation and hypocapnia, suggesting an intracellular-extracellular H+ disequilibrium. In a case described previously in which hydrochloric acid was administered at a rate in excess of 400 mmol/24 h, an inappropriate hypocapnia occurred also (Abouna, Veazay and Terry, 1974) .
It is proposed that, if i.v. hydrochloric acid is to be infused, the rate of infusion of H + should be no greater than 0.2 mmol. kg" 1 . h" 1 (300-250 mmol/ day), the infusion must be through a central venous catheter, and the acid-base state should be monitored every 6-12 h with arterial blood-gas analysis. In our experience, following correction of saline and potassium chloride deficits, i.v. infusion of hydrochloric acid is a safe and desirable therapy for severe metabolic alkalosis.
